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Edited by Maurice MontalAbstract The aim of this work is to study pore protein denatur-
ation inside a lipid bilayer and to probe current asymmetry as a
function of the channel conformation. We describe the urea
denaturation of a-hemolysin channel and the channel formation
of a-hemolysin monomer incubated with urea prior to insertion
into a lipid bilayer. Analysis of single-channel recordings of cur-
rent traces reveals a sigmoid curve of current intensity as a func-
tion of urea concentration. The normalized current asymmetry at
29 ± 4% is observed between 0 and 3.56 M concentrations and
vanishes abruptly down to 0 concentration exceeds 4 M. The loss
of current asymmetry through a-hemolysin is due to the denatur-
ation of the channel’s cap. We also show that the a-hemolysin
pore inserted into a lipid bilayer is much more resistant to urea
denaturation than the a-hemolysin monomer in solution: The
pore remains in the lipid bilayer up to 7.2 M urea. The pore for-
mation is possible up to 4.66 M urea when protein monomers
were previously incubated in urea.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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The Staphylococcus aureus a-hemolysin is a protein toxin in-
volved in human diseases [1–3]. Monomers assemble in cell
membranes to form transmembrane heptameric pores. Uncon-
trolled permeation of water, ions and small organic molecules
through the pore of a-hemolysins causes cell death [1–3]. An a-
hemolysin pore is an asymmetric mushroom-shaped protein of
b-structure. The pore is divided into three structural domains:
the cap, the external part; the rim, the membrane anchoring
domain, and the stem, the beta-barrel that perforates the mem-
brane [3,4]. At its widest and narrowest point, the pore diam-
eter is 4.6 and 1.4 nm. The pore height is around 10 nm [3,4].*Corresponding author. Address: Groupe Micro-environnement et
Comportements Cellulaires, Universite´ de Cergy-Pontoise, 2. av. A.
Chauvin, 95302 Cergy-Pontoise Cedex, France. Fax: +33 13 425 6552.
E-mail address: juan.pelta@bio.u-cergy.fr (J. Pelta).
0014-5793/$32.00  2007 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2007.06.036At a given voltage, the mean conductance of the a-hemolysin
pore varies linearly with the conductivity of the electrolyte
solution [5]. The pore exhibits an ion current rectiﬁcation;
the conductance is higher at positive voltage than negative
voltage with a non linear transition around zero voltage. Re-
verse potential experiments show that the pore is slightly selec-
tive for anions [5]. This selectivity is increased at lower pH
[6,7]. The single-channel conductance is large: an applied volt-
age of 100 mV across the membrane leads to a current of
100 pA (1 M KCl, 5 mM HEPES pH 7.5, at 25 C) [5]. The
ionic current through the a-hemolysin pore is pH [6,7] and
temperature [8,9] dependent. Recently, permeability of the a-
hemolysin pore into the lipid bilayer for water and ions has
been studied by molecular dynamics simulation [10]. The re-
sults of the simulations: osmotic permeability, the current volt-
age dependence, and the selectivity, are in good agreement
with experimental data. A key property of the a-hemolysin
pore is that under physiological conditions it remains open
for an extended periods of time. The additional property of
large permeation of water and ions through the a-hemolysin
pore is essential for several studies and applications like trans-
location of macromolecules: single stranded DNA [11], RNA
[12], neutral [13] or charged synthetic polymers [14], or oligo-
peptides [15,16], to protein unfolding [17] and for biotechnol-
ogy: stochastic sensors [18], or force measurements [19,20].
Motivated by our work on the translocation of partially un-
folded proteins through hemolysin [17], we have investigated
the stability of this toxin under denaturing conditions. The
denaturation of the a-hemolysin monomer has been studied
in the bulk as a function of urea concentration and pH [21].
Up to now, the stability of the a-hemolysin pore inside a lipid
bilayer as a function of a denaturing agent, urea, is however
not known. This was the aim of this work. Two kinds of exper-
iments have been performed; either the hemolysin channel was
formed before urea denaturation, or the a-hemolysin mono-
mer was incubated in urea solution before pore formation.
Experiments have been performed using single-channel current
recording. This method enables direct monitoring of current
rectiﬁcation, and functionality and orientation of the channel
in the lipid bilayer. As this pore is asymmetric this last param-
eter is important. We probed the related current asymmetry as
a function of pore denaturation. We found that the a-hemoly-
sin pore is much more resistant to urea denaturation than theblished by Elsevier B.V. All rights reserved.
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current through the a-hemolysin pore decreases as the urea
concentration increases. Our results reveal a loss of current
asymmetry which is associated with cap denaturation of the
a-hemolysin pore. Current asymmetry observed with the na-
tive pore is mainly due to pore geometry asymmetry. We dis-
cuss (1) the conformational modiﬁcation of the pore and the
possible implications of the cap domain denaturation on the
transport properties of macromolecules; (2) protein stability:
monomer versus heptamer, pore formation inside the lipid bi-
layer environment, b-amyloid structure.2. Materials and methods
2.1. Bilayers
Membrane lipid bilayers are made by using the previously des-
cribed method [11,22]. In brief, a ﬁlm of a 1% solution of diphytanoyl-
phosphatidylcholine-lecithine (Avanti) in decane is spread across a
150 lm wide hole, drilled in a polysulfone wall separating the two com-
partments of a chamber. Each compartment contains 1 ml of 1 M KCl,
and 5 mMHEPES pH 7.5. After thinning of the decane ﬁlm and forma-
tion of a planar bilayer, the channels are inserted by adding 0.30 nmol
of monomeric a-hemolysin (Sigma) from a stock solution in one com-
partment.
2.2. Data acquisition
The ionic current through one a-hemolysin channel is measured with
an Axopatch 200B ampliﬁer. Data are ﬁltered at 10 kHz and acquired
at 10 ls intervals with the DigiData 1322A digitizer coupled with
Clampex software (Axon Instruments, Union City, USA). The mea-
surements of intensity or normalized current are based on the statisti-
cal analysis of the current traces. Each current trace acquisition lasts a
long time: 10 min up to 1 h. Data were systematically checked for
reproducibility. In the absence of applied voltage, between 4.77 M
and 7.14 M urea concentration, we have observed a drift of the base-
line (1–6 pA) current due to the long duration of the experiment (2
or 3 h). This drift is corrected for the current measured at these urea
concentrations. We have measured the conductivity, of solutions from
0 to 8 M urea prepared in 1 M KCl, 5 mM HEPES pH 7.5 with a con-
ductometer k610 (Consort).
2.3. a-Hemolysin channel denaturation
After insertion of an a-hemolysin channel into the lipid membrane
bilayer, an adjusted volume of urea at 8 M prepared in 1 M KCl,
5 mM HEPES pH 7.5, was added to the cis compartment to obtain
the ﬁnal ﬁxed urea concentration; the same volume of urea is added
in the trans compartment. The urea concentrations ranged between 0
and 7.2 M.
2.4. a-Hemolysin monomer denaturation before channel formation
A volume of 0.30 nmol of monomeric a-hemolysin (incubated in
urea, at a ﬁxed concentration, prepared in 1 M KCl, 5 mM HEPES
pH 7.5) was placed in the cis compartment; the same volume of urea
solution was added in the trans compartment. The ﬁnal urea concen-
trations ranged from 0 to 6 M.3. Results
The a-hemolysin pore denaturation experiments have been
performed at varying urea concentration between 0 and
7.2 M. The bilayers remained stable in this urea range as deter-
mined by capacitance measurements. The thickness of the lipid
bilayer remained constant [22]. We have not observed ionic
current leakage after membrane formation. Single-channel
current traces of the a-hemolysin pore are obtained up to an
upper limit of 7.2 M urea (Fig. 1). This observation shows
the channel still persists at this high urea concentration.In the absence of applied voltage, no ionic current passes
through the lipid bilayer. In the absence of urea, with an
applied voltage of ±100 mV, the current measured is constant
at either I+ = 109 ± 4.7 pA and I = 72 ± 6.1 pA, or I+ =
75 ± 4.6 pA and I = 116 ± 7.3 pA. These values correspond
to the two possible insertion states of a-hemolysin in lipid
bilayers, the cap domain being on the cis side (Fig. 1a) or on
the trans side (Fig. 1b). All experiments in urea solutions have
been made with a-hemolysin orientated with the cap domain
on the cis side exclusively (Fig. 1c–f).
The single-channel current decreases from 109 ± 4.7 pA
without urea to 31.5 ± 6 pA at 4.77 M urea and becomes con-
stant at 32.5 ± 6 pA up to 7.14 M urea at a given voltage of
100 mV (Fig. 1a, c–f). At V = 100 mV, current decreases from
75 ± 4.6 pA without urea to 33.2 ± 6 pA at 7.14 M urea
(Fig. 1a, c–f). We observe that the a-hemolysin pore remains
in the lipid bilayer up to 7.2 M urea and the channel remains
open. The current decrease, observed in urea solution, may
be due to conformational or geometric modiﬁcation of the
pore. To probe this hypothesis, data were normalized as current
asymmetry Ia = [1  (I/I+)](%) versus urea concentrations,
and a sigmoid curve was obtained (Fig. 2). For native pore pro-
tein without urea, the mean normalized current asymmetry is
Ia = 32 ± 4%. Between 0 and 3.56 M urea concentration, it re-
mains constant at Ia = 29 ± 4%. When the urea concentration
increases further, the normalized current asymmetry decreases
abruptly to Ia = 5 ± 1% at 3.9 M urea and becomes constant
around 0% up to 7.14 urea. These results show a clear confor-
mational transition between the native a-hemolysin pore inside
the lipid bilayer and a partially denaturated pore protein, with
an unfolded cap protein domain in urea solution.
The variation of mean current through the a-hemolysin as a
function of urea concentration is sigmoid (Fig. 3). In the absence
of urea, for the native a-hemolysin pore in the lipid bilayer, the
mean current is I = 100 ± 20 pA. An increase in urea concentra-
tion, between 1 and 4 M urea, leads to a progressive decrease of
current. A further increase in urea concentration, from 4 to
7.2 M, does not change the mean current of I = 35 ± 4 pA. This
denaturation curve conﬁrms the conformational transition be-
tween the native pore, inside the lipid bilayer, and the partially
denaturated pore. Consequently, the cap of a-hemolysin, ex-
posed to urea solution, is completely unfolded, and the partially
denaturated pore remains in the lipid bilayer.
Investigations of a-hemolysin denaturation according to the
second protocol was done on the monomer in solution by
varying urea concentrations from 0 to 6 M. After lipid bilayer
formation the monomer was incubated in urea to study pore
formation. Single-channel current traces indicative of a-hemol-
ysin pore formation inside the lipid bilayer, were obtained up
to 4.66 M urea (data not shown). Channel formation with par-
tially unfolded hemolysin was observed. By reversing the po-
tential we observed further that these channels are also
asymmetrically oriented in the lipid bilayer with the cap do-
main on the cis or trans sides. Normalized current asymmetry
(Ia) as a function of urea concentration was a sigmoid curve up
to 4.66 M urea (data not shown). As previously, this suggested
a loss of channel geometric asymmetry. Variation of the mean
current intensity as a function of urea concentration was sig-
moid (Fig. 4). Within experimental error, these values are
equal to those obtained with the ﬁrst protocol when channels
were formed before denaturation (Fig. 3). The denaturation
curve (Fig. 4) shows a progressive evolution from the native
Fig. 1. Single-channel current traces through an a-hemolysin pore inserted into a planar lipid bilayer as a function of urea concentration. Without
urea, the current level is asymmetric as a function of voltage applied, +100 mV or 100 mV. The a-hemolysin pore is inserted into lipid bilayer on the
cis side (a) or trans side (b). The current level decreases when the urea concentration increases (c, d) and does not further decrease at high urea
concentrations (e, f).
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Fig. 3. Urea denaturation curve of an a-hemolysin pore inserted into a
planar lipid bilayer. A sigmoid variation of the current amplitude is
observed as a function of urea concentration (voltage ap-
plied + 100 mV). The mean current becomes constant at 35 ± 4 pA
between 4 M and 7.2 M urea concentrations. Up to 7.2 M, the pore
remains inserted in the lipid bilayer.
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Fig. 2. Normalized current asymmetry, Ia, through an a-hemolysin
pore inserted into a planar lipid bilayer as a function of urea
concentration. Current asymmetry is observed through the a-hemol-
ysin pore. The normalized current asymmetry Ia = [1  (I/I+)](%) is
constant at 29 ± 4% between 0 and 3.56 M urea and vanishes abruptly
up to 0% at a urea concentration above 4 M.
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Fig. 4. Urea denaturation curve of an a-hemolysin pore inserted into a
planar lipid bilayer when a-hemolysin monomers were incubated in
urea solutions before pore formation. A sigmoid variation of the
current amplitude is observed as a function of urea concentration
(voltage applied + 100 mV). The mean current becomes constant at 40
pA ± 4 at 4.66 M urea concentration. When the urea concentration
increases to 4.75 M, the current remains at 0 pA.
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The mean current at 4.66 M urea concentration is 39 ± 5.5 pA.
From 4.75 to 6 M urea, no pore formation could be observed.
In order to conﬁrm this point, we increased the quantity of the
a-hemolysin monomer, up to 10-fold, and kept the urea con-
centration constant at 4.75 M, and we did not observe any
pore.
In summary, common features were observed for both
experimental conditions: (a) an increasing urea concentration
leads to a decrease of single-channel mean current; (b) the cur-
rent asymmetry is lost at high urea concentration; (c) the de-
crease as a function of urea concentration is a sigmoid curve.
A noticeable diﬀerence is that the a-hemolysin pore inserted
in the lipid bilayer is much more resistant to urea denaturation
than the a-hemolysin monomer in solution.4. Discussion
4.1. a-Hemolysin pore and current asymmetry
Initially we will discuss current asymmetry loss and the
sigmoidal decrease. The mean current ratio between the native
a-hemolysin pore (Inative) and partially denaturated pore
(Idenaturated) is Inative/Idenaturated = 2.8 ± 0.44. According to crys-
tallography data, the diameters of the heptameric a-hemolysin
channel are: 2.6 nm at the entrance of the cap, a maximum of
4.6 nm inside the cap, a minimum of 1.4 nm at the beginning of
the trans membrane stem, and between 2 and 2.2 nm along the
stem. The cap and stem domain are 4.8 nm and 5.2 nm long,
respectively [3,4]. For ohmic behaviour, the current through
the nanopore is expected to be inversely proportional to the
pore length and proportional to the pore diameter; V = R · I
with R = L/(S · r), where V is the voltage, R is the resistance,
I is the intensity, L is the length of the pore, S is the surface of
the pore, and r is the solution conductivity. The open pore cur-
rent Iopen can be written as IopenaK(d)
2/L · r, where K is a con-stant dependent upon the voltage, d is the mean diameter
along the pore. The mean current ratio can be written as
Inative/Idenaturateda((dnative)
2/(ddenaturated)
2)· (Ldenaturated/Lnative) ·
(rdenaturated/rnative). The loss of current asymmetry through the
a-hemolysin pore in the presence of a high urea concentration
(P 4 M) is associated with the denaturation of cap domain.
Thus, the pore length ratio is Ldenaturated/Lnative @ 5.2/10. Con-
sequently, the pore diameter modiﬁcation in urea solution can
be evaluated with the diameter ratio dnative/ddenaturateda
2.8 ± 0.44.
We can conclude from this part of the results that the cur-
rent asymmetry through the a-hemolysin pore is mainly due
to a geometrical asymmetry.
The transport of macromolecules through a pore or channel
plays an important part in many biological processes: the
transfer of genetic information; viral infection; protein import
or export towards or from the nucleus; or other cellular com-
partments, as well as the synthesis and the degradation of bio-
molecules. The a-hemolysin pore is extensively used to study
transport properties of biological macromolecules [11,12,15–
17]. As a result of the asymmetrical structure of the a-hemol-
ysin pore, the entry of a single stranded DNA molecule from
the cis side is easier than from the trans side [23]. This was
attributed to either a higher entropic barrier for entry or an
electrostatic repulsion of DNA from negatively charged trans
side [23]. We have studied the asymmetric transport of com-
pletely unfolded MBP with a-hemolysin pore. We have ob-
served diﬀerences in event frequency, event duration and
current blockades (unpublished data). In the future, one may
investigate transport properties of macromolecules, unfolded
proteins or single strand DNA, through the partially denatur-
ated a-hemolysin pore. As a result of the loss of asymmetrical
structure of the a-hemolysin pore, the frequency of passage of
molecules through the cis side pore could be reduced by an in-
crease of the entropic barrier in comparison to the cis side na-
tive pore. Entry of a molecule into the denaturated cis side and
the trans side should be identical.
4.2. Pore stability
When the protein channel is formed before urea denatur-
ation, the a-hemolysin pore remains in the lipid bilayer up to
7.2 M urea. When the a-hemolysin monomer is incubated in
a urea solution, pore formation is observed up to 4.66 M.
How to discuss the diﬀerence in protein stability.
The pore-forming toxins transform soluble monomers into
oligomers, and form transmembrane channels [24,25]. These
pores are classiﬁed according to whether they form alpha-heli-
cal channels, diphtheria, colicin and exotoxin toxins, or beta-
barrels, a-hemolysin family, aerolysin and anthrax toxins
[24,25]. Many experiments on the stability of monomeric
toxins have been performed in solution by measuring intrinsic
(or tryptophanyl) ﬂuorescence and circular dichroı¨sm signals
as a function of denaturing agent concentrations (urea or gua-
nidine hydrochloride). The monomeric toxin is completely un-
folded at low urea or guanidine hydrochloride concentrations.
An unfolding curve of monomeric a-hemolysin in solution as a
function of urea concentration has been published by Borteleto
and Ward [21] measuring tryptophan ﬂuorescence, circular
dichroism and elution time (size exclusion chromatography).
Experimental conditions nearer to ours, the authors ﬁnd a
two-state unfolding model; the concentration of urea required
for 50% denaturation is 2.8 ± 0.2 M at pH 7.5. The fraction of
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tion [21]. In our experiments with monomeric a-hemolysin,
Fig. 4, the current amplitude as a function of urea concentra-
tion is similar to the unfolding curve determined by three
methods (Ref. [21]). We ﬁnd a sigmoidal curve and the concen-
tration of urea required for 50% denaturation is 2.5 ± 0.3 M.
We have also observed the denaturation of the cap domain
(around 4 M urea), and the non insertion of a-hemolysin into
the lipid bilayer (P 4.66 M urea). Our results are compatible
with classical methods for probing protein denaturation. Only
a few experiments on the stability of pore toxin in urea or
guanidine solutions have been done, showing an increase of
protein stability by polymerization [26,27]. These authors stud-
ied the denaturation of the pore, by measuring tryptophan
ﬂuorescence with the reconstitution of the pore protein into
vesicules. Urea at 8 M had no eﬀect on the structure of the aer-
olysin heptamer; but unfolding of proaerolysin, without com-
plex dissociation, was observed in 4 M guanidine [27]. At low
urea or guanidine concentrations, the proaerolysin monomer
was completely unfolded [27]. The Vibrio cholera hemolysin
heptamer was stable at 8 M urea and the structure of the
monomer was partially denaturated at urea concentration
above 3 M [26]. These data are also compatible with our re-
sults, the a-hemolysin pore inserted into the lipid bilayer is
much more resistant to urea denaturation than the a-hemoly-
sin monomer in solution.
Many protein toxins form aggregates, particularly when
conformational changes are triggered in aqueous solution in
the absence of the proper lipid environment [28]. The study
of conformational stability of pore toxin in a lipid bilayer is
of great experimental interest. One study in this ﬁeld has been
reported with the mitochondrial channel located in the outer
membrane. It has been shown that at low urea or guanidium
concentrations the rate of mitochondrial channel insertion in-
creases in the phospholipid membrane. If the concentration of
urea in the perfusing solution was raised to 5 M, no burst of
insertion was seen but the channels already in the membrane
continued to conduct normally [29]. The stability in urea solu-
tion of pore toxin in a lipid bilayer environment has never been
studied. Here, we have shown by single-channel recording a
method to assess the conformational stability of the protein
pore in a membrane. We have observed up to 7.2 M urea an
increase in the stability of the a-hemolysin when the pore is in-
side the lipid bilayer. It is well known that composition of lipid
bilayers also stabilizes the insertion of pore proteins by ther-
modynamic forces [30,31], such as the polymerization process.
Staphylococcus aureus a-hemolysin pore, is mainly com-
posed of beta-structures [2,4]. The stem domain, composed
of 14 strands anti-parallel beta-barrel,deﬁnes the transmem-
brane channel. The a-hemolysin pore is also very resistant to
thermal [9] and pH denaturation [6] as other beta-barrel trans-
membrane proteins [30]. A pH decrease (7.5–4.5) causes a con-
ductance increase (15%) [6]. With increasing temperature, the
pore remains stable up to 93 C and the single-channel current
increases linearly with the temperature [9]. Such considerable
stability is also found in b-amyloids [32,33]. Human degenera-
tive pathologies, including Alzheimer’s disease and prion dis-
ease, are associated with the formation of aggregates or
ﬁbrils of proteins called b-amyloids and with the deposition
of these amyloids in tissue. It has been shown, during the ﬁbril-
lization process, that oligomers or protoﬁbrils lead to creation
of species capable of forming amyloid pores in cellular mem-branes [34–36]. These pores are toxic like bacterial pore-form-
ing toxins [35].
We can conclude from our stability experiments that the a-
hemolysin pore is much more resistant to urea denaturation
than the a-hemolysin monomer: this stability is due to hepta-
meric pore formation of the beta-structure inside the lipid bi-
layer. Moreover, we have provided a new approach to study
protein pore denaturation in situ. In the future, one may inves-
tigate stability of bacterial pore-forming toxins by single-chan-
nel recording as a function of environments (lipid nature;
chaotropic agent, drugs).Acknowledgments: We are grateful to Professor Emmett Johnson for
his attention to our manuscript and for kindly correcting the language
of the manuscript.References
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